Reduction ofH202-oxidized manganese peroxidase (MnP), lignin peroxidase and, to some extent, horseradish peroxidase, was studied in the presence ofcellobiose oxidase (CbO) and cellobiose. It was found that the reversion rates for MnP compound II and lignin peroxidase compound II back to native enzymes increased significantly in the presence of CbO and cellobiose. However, the reduction of cytochrome c by CbO plus cellobiose was 40 times faster than the reduction of MnP compound II. Also, the lag phase before reversion to the native states decreased for all three
INTRODUCTION
Cellobiose oxidase (CbO) is a sugar oxidase which has been frequently isolated from the white-rot fungus Phanerochaete chrysosporium (earlier Sporotrichum pulverulentum) [1] [2] [3] [4] [5] [6] , but is also produced by many other cellulolytic fungi [7] , including the brown-rot fungus Coniophora puteana [8] . The enzyme oxidizes cellobiose to cellobiono-1,5-lactone during reduction of oxygen, probably to superoxide [2] , which in turn can dismutate to H202.
One or two dioxygen molecules are needed to get one molecule of H202. CbO also reduces cytochrome c, 2,6-dichlorophenolindophenol (DCIP) and many quinones. The reduction of cytochrome c and quinones is much more rapid than the reduction of oxygen [2, 3, 9, 10] .
Cellobiose oxidase is a flavohaemoprotein, whereas the related enzyme cellobiose: quinone oxidoreductase (CBQ) only contains an FAD group. CBQ was isolated in 1974 from both Trametes (Coriolus) versicolor and P. chrysosporium [11, 12] . Cellobiose oxidase and CBQ are produced in greatest amounts in highnitrogen, cellulose-or wood-meal-containing cultures [1, 13, 14] , which makes the investigation of their possible role in lignin biodegradation difficult. Lignin degradation as well as production of manganese and lignin peroxidases is much better in lownitrogen glucose cultures [15, 16] . The recent finding of lignin biodegradation and production ofthe above peroxidases together with CBQ in high-nitrogen cellulose media, however, could indicate that both CbO and CBQ are actively influencing lignin biodegradation and peroxidase activity [14] . It is now well documented that both CbO and CBQ can reduce phenoxy radicals and cation radicals produced by manganese and lignin peroxidases [9, 10, 17, 18] .
In the present study the influence of pure cellobiose oxidase on the haem group Manganese peroxidase was determined either with syringaldazine [13] or with 3-methyl-2-benzothiazoline hydrazone/3-(dimethylamino)benzoic acid as described by Ngo and Lenhoff [22] . The activity of CbO and MnP was further tested by measuring the reduction of the tetramethoxy-azo-p-methylenequinone formed from syringaldazine by MnP plus H202. This quinone was effectively reduced by CbO + cellobiose. CbO without cellobiose did not affect the quinone.
Lignin peroxidase was determined by the method of Faison and Kirk [23] , using veratryl alcohol oxidation.
The spectrophotometer used was a Shimadzu UV 160 A set at 23.0 'C. With this standard instrument, the most rapid measurement could be made about 3 s after injection of sample into the cuvette (the sample volume was always 1800-2000 #1). All experiments were performed in 20 mM sodium tartrate, pH 4.5, which give good MnP activity [24] . The pH of this salt was adjusted with sulphuric acid.
Cytochrome c type III (Mr 12384) from horse heart was purchased from Sigma. Reduction ofcytochrome c was measured as the increase in absorbance at 550 nm in 20 mM sodium tartrate, pH 4.5, in which the e value (550 nm) of reduced cytochrome c was 26.0 mM-' cm-'. The reaction mixture contained 1.08 ,M cytochrome c (25 u1 of 1 mg/ml) in a total volume of 2.0 ml.
RESULTS

Catalytic cycle of MnP and lignin peroxidase (ligninase)
The reactions for the peroxidases [21, 25] (Fig. lc) .
The MnPII reducing activity of active CbO was measured from the data in Figure 1 as increase in absorbance at 407 nm. The two CbO concentrations used gave 3.6 and 8.1 nkat/litre in MnPII reducing activity. With only H202 there was a spontaneous rate at 2.2 nkat/litre as measured after start of reversion.
The reducing activity which CbO should catalyse is that of the oxidized MnP, which is 3 1uM H202/60 s = 50 nkat/litre. (Figure 3a) . Little change in haem wavelength indicated that mainly ligninase compound I was formed. The overlay in Figure 3 (a) is very similar to the overlay in Figure 2 , indicating that a similar but opposite reaction took place in Figure 3 (a). Since CbO has been reported to produce superoxide radicals and H202 [2] , the above bleaching and compound I formation could be due to oxidation of native ligninase by one or both of these oxygen species. It is possible that native ligninase and superoxide (from CbO + cellobiose) formed a ferric superoxide complex (Fe3+-02-) absorbing at 412 nm [26] . The presence of 300 units of superoxide dismutase (SOD), however, did not affect the above oxidation of ligninase, indicating that it was not due to superoxide or a superoxide complex. Figure 3(b) shows that, after incubation of CbO with cellobiose for 15 min to produce superoxide and/or H202, the original spectrum of added ligninase (A = 0.290 at 408 nm) immediately disappeared and a broad spectrum of oxidized ligninase appeared. The broad peak around 420 nm is composed of both reduced CbO (428 nm) and of oxidized ligninase (412-415 nm). The bleaching (oxidation) was dependent on the incubation time, and less CbO gave less bleaching.
When 100 jl of CbO plus cellobiose was incubated for 15 min in the presence of 4.6 units of catalase, no bleaching or change of added ligninase was obtained. This amount of catalase did not disturb the ligninase spectrum. On the other hand, without catalase, ligninase was again bleached and the wavelength shifted to 414 nm. This latter reaction is comparable with the reaction in Fig. 3(a) .
All the above results, including those with SOD and catalase, indicate that native ligninase is oxidized in vitro by H202 produced Influence of CbO on horseradish peroxidase (HRP) When 1.62 ,uM HRP was incubated with 50 ,ul of CbO (2210 nkat/litre) plus cellobiose (without peroxide) there was a rapid bleaching of the haem peak at 404 nm and a red-shift to 413 nm after 9 min. This is similar to the results with ligninase (Figure 3a) , although the change in wavelength was smaller for ligninase. Since HRP compound II (HRP II) has a Soret band at 420 nm [28] , the above experiment probably resulted in a mixture of native HRP and HRP I and II giving the above absorbance at 413 nm due to limited H202 oxidation. As always in the investigations reported here, the visible region is difficult to use for analytical purposes owing to interference of reduced CbO with the peroxidase peaks.
When HRP was oxidized with 3.1 equiv. of H202, HRP II was formed after 30 s, as indicated by a Soret band at 418 nm ( Figure  4 ). According to Marquez et al. [29] , as much as 250 equiv. of H202 is needed to produce HRP compound III, so this species will not be formed here. Both with and without CbO (Figure 4) , HRP I was seen directly after H202 addition. With only H202 (Figure 4a ) the reversion back to native HRP started after 4 min, whereas when H202 and cellobiose were added simultaneously to HRP + CbO (Figure 4b) , the reversion started after 1-2 min. It also took place in greater steps if active CbO was present. The HRP II reducing activity with or without active CbO was 5.10 nkat and 2.55 nkat/litre respectively, when measured as decrease in absorbance at 420 and 419 nm using the scans in Figure 4 . Increased reduction of HRP compound II by active CbO has also been found by G. Henriksson (personal communication).
DISCUSSION
In the present study we have shown that reduced cellobiose oxidase can increase the rate of reversion of the oxidized state compound II of both manganese peroxidase and lignin peroxidase.
In Table 1 the reduction rates of cytochrome c and of oxidized Mn-peroxidase, ligninase and HRP are summarized. Several conclusions can be drawn from this Table: (1) Cytochrome c is much more easily reduced than the peroxidases; for MnP the difference is 40 times; (2) for MnPII as substrate the rate of reduction increased with increasing CbO activity up to 3000 nkat/litre, while for ligninase compound II there was a tendency for decreased reduction rate with the highest CbO activities; (3) with only H202 added to obtain oxidized peroxidases, there was a certain spontaneous reversion back to native enzyme (0.16-2.5 nkat/litre); this rate increased significantly in the presence of CbO plus cellobiose, especially for MnP; (4) the start of reduction to native peroxidase was positively influenced by active CbO. The negative influence of strong CbO activity is probably related to H202 production which decreases the rate of compound II reduction. This was investigated using different amounts of added peroxide (results not shown).
Role of cellobiose oxidase
Our results show that active CbO did not inhibit formation of compounds I or II of MnP or ligninase. Further, Mn2' and veratryl alcohol were preferred substrates for MnP and ligninase respectively, since their effect on reduction ofMnPII and ligninase II was much stronger than active CbO. Thus completion of the catalytic cycles for MnP and ligninase can take place without CbO, although CbO may help if Mn2+ and/or veratryl alcohol are not present. Whether other substrates like phenols or lignin will reduce compound II and MnP/ligninase better than reduced CbO is not known, although it is highly probable.
We found that the quinone formed from syringaldazine by MnP was effectively reduced by CbO (results not shown) and the radical-and quinone-reducing ability of CbO (and CBQ) is now well-documented [9, 10, 17, 18] . However, Odier et al. [30] reported that their CBQ had no influence on the phenoxy radical of acetosyringone or on polymerization of guaiacol and synthetic lignin by ligninase. A probable explanation is that Odier added excess CBQ (of which a significant portion could be CbO) which delayed reduction of compound II, giving high ligninase activity and continuous radical production. For the guaiacol and synthetic lignin experiments Odier et al. [30] used as much as 17000 nkat/litre and 170000 nkat/litre of CBQ, which is much more than the 1000 CbO units shown by us to decrease the reduction of oxidized ligninase (Table 1) .
There are several possibilities for CbO/CBQ to increase wood degradation in nature. The reduction of radicals and quinones Received 2 November 1992/4 January 1993; accepted 28 January 1993 may decrease polymerization of phenols, lignin and degradation products from lignin. This may increase not only lignin [31] , but also cellulose biodegradation [32] . The simultaneous reduction of Fe3+ to Fe2l in wood and H202 production by active CbO [6, 27] can give rise to hydroxyl radicals, which are known to degrade at least isolated cellulose [27, 33] and possibly also lignin and cellulose in wood [34] .
